We evaluate here the use of real-time quantitative PCR (q-PCR) as a method for screening for homologous recombinants generated in mammalian cells from either conventional gene-targeting constructs or whole BAC-based constructs. Using genetargeted events at different loci, we show that q-PCR is a highly sensitive and accurate method for screening for conventional gene targeting that can reduce the number of clones requiring follow-up screening by Southern blotting. We further compared q-PCR to fluorescent in situ hybridization (FISH) for the detection of gene-targeting events using full-length BAC-based constructs designed to introduce mutations either into one gene or simultaneously into two adjacent genes. We find that although BAC-based constructs appeared to have high rates of homologous recombination when evaluated by FISH, screening by FISH was prone to false positives that were detected by q-PCR. Our results demonstrate the utility of q-PCR as a screening tool for gene targeting and further highlight potential problems with the use of whole BAC-based constructs for homologous recombination.
INTRODUCTION
Homologous recombination in mouse embryonic stem cells has provided a powerful tool for the generation of gene-targeted mice carrying mutations of defined loci (1, 2) . However, since homologous recombination can be a relatively infrequent event in mammalian cells (3, 4) , detection of homologous recombination events can require the screening of large numbers of clones. The gold standard for screening is Southern blot analyses, which both identifies correctly targeted clones and permits analysis of the structure of the gene-targeted event, including verification of single copy insertion of the construct. However, Southern analyses can be time-consuming, particularly in cases of loci with low-frequency targeting where hundreds of cell lines may need to be screened.
The use of PCR-based strategies, most of which utilize one primer outside of the targeting constructs in conjunction with a primer present on the selectable marker, has permitted more rapid screening for homologous recombinants (5) (6) (7) (8) . Other PCR strategies, including screening for loss of plasmid sequences from the targeting construct, have also been used (9) . However, conventional PCR provides limited information on the number and structure of inserts. Moreover, conventional PCR-based strategies are prone to false negatives resulting from problems with long-range PCR or low amounts of DNA. Conversely, false positives can arise due to annealing of products initiated by the different primers, giving rise to products consistent with appropriate targeting but that actually derive from clones containing random insertions. Thus, PCR-based screens cannot replace the information gained through Southern analyses, although this technique can reduce the numbers of clones to be evaluated in greater detail.
Recent data have suggested that whole BAC-based gene-targeting vectors can provide an alternative method allowing for more rapid generation of homologous recombinants (10) (11) (12) . However, screening for homologous recombination after introduction of such vectors can be complicated by the long length of homologous arms used, which most often preclude screening by either Southern analyses or PCR strategies. To bypass these assay problems, several alternatives have been utilized. These include: (i) the use of one short-length arm on the targeting construct to permit screening by Southern analyses using an outside probe (10) ; (ii) the use of fluorescent in situ hybridization (FISH) to detect the number of BAC sequences integrated as well as their chromosomal locations (12) ; and (iii) the use of real-time quantitative PCR (q-PCR) to screen for the loss of sequences deleted in the targeting construct (11) . The latter two techniques permit use of long targeting arms that are predicted to increase recombination frequencies. However, these two techniques have not been systematically compared to evaluate their sensitivity and specificity.
To evaluate techniques for the rapid screening for homologous recombinants, we compared q-PCR based on the copy number of genomic regions deleted by Southern analysis screening for the detection of homologous recombination using conventional positive-negative gene-targeting constructs (13) . We further compared q-PCR (11) to a previously described FISH protocol (12) for the screening of BAC-based constructs that cannot be screened by Southern analyses. We demonstrate here that screening by q-PCR is a sensitive tool for screening for homologous recombinants generated either from conventional gene-targeting constructs or from whole BAC-based constructs designed to disrupt either one or two genes simultaneously. Importantly, we find that although BAC-based constructs can appear to have high rates of homologous recombination when evaluated by FISH, q-PCR analyses revealed that many of these homologous recombinants were actually false positives. Our results raise important concerns both for the screening and use of whole BAC-based constructs for homologous recombination.
MATERIALS AND METHODS

Construction of the conventional positive-negative selection Tec targeting vector
A PstI fragment of 4.6 (5 0 arm) and a Psi-HindIII fragment of 4.9 kb (3 0 arm) flanking the targeted exons 5 and 6 in Tec were subcloned in the vector pPNT-double loxP, a derivative of pPNT (14) in which a PGK-driven neomycin-resistance gene, neo, is flanked by loxP sites (15, 16) (gift of A. Wynshaw-Boris, University of California, San Francisco, CA, USA and S. Hirotsune, Osake City University School of Medicine, Osake, Japan) to generate a 1276 bp deletion. For the Rlk gene-targeting construct, a XbaI fragment of 3.1 kb (5 0 arm) and an EcoRV-BglII fragment of 5.6 kb (3 0 arm) that flank exon 10 were subcloned into pPNT-double loxP to generate a 1147 bp deletion.
Construction of the BAC-targeting vector for Tec and Rlk
Both the Tec and Rlk genes present in the BAC RPCI-23-6518 (isolated from RPCI-23 C57BL/6 library) were modified sequentially by recombineering (17) . Exons 5 and 6 in Tec and 10 in Rlk (18) were disrupted in the identical location as conventional targeting constructs and replaced with neo and blasticidin resistance (blasticidin S deaminase, bsd) genes, respectively, both driven by the PGK promoter. DNA fragments of 500 bp surrounding the targeted sequences were subcloned in the plasmids PL452 (17) for Tec and PL514 for Rlk (PL514 is a variant of PL452 in which the neo gene was replaced with the bsd gene by recombineering; Liu,P., unpublished data) to make the cassettes for recombineering. BACs were purified on CsCl gradients and linearized with NotI.
Construction of the TLT-1 targeting vectors
The conventional and whole BAC TLT-1 targeting vectors were generated by recombineering as described (A.V.W., J.G.R., P.L.S and D.W.M., submitted for publication).
Electroporation and selection of embryonic stem cells
The modified-BAC and the conventional targeting constructs were linearized with NotI, cleaned with phenol and choloroform, ethanol precipitated and resuspended at 1 mg/ml in 5 mM Tris. Linearized DNA preps were analyzed by agarose gel electrophoresis and, for BAC constructs, pulse-field gel electrophoresis (Chef-DR III, BioRad, Hercules, CA, USA). DNA was electroporated into 2 Â 10 7 HGTC-8 C57Bl/6 ES cells (19) in 1 ml of phosphate-buffered saline (without Ca 2+ and Mg 2+ ) using a BioRad Genepulser at 600 V and 25 mF (using 10-25 mg DNA for conventional constructs and 50 mg for BAC constructs) in a 0.4 cm gap cuvette. ES cells electroporated with the modified-Tec/Rlk BAC were seeded at 3.3 Â 10 6 cells/plate on neo, bsd-resistant feeder cells (20) in 10 plates. One day later, cells were fed with media containing G418 (140 mg/ml, Invitrogen, Carlsbad, CA, USA) and blasticidin (5 mg/ml, Invitrogen). Antibiotic concentrations were determined by titration on the HGTC-8 C57Bl/6 ES cell line. A portion of the transfected ES cells (3.3 Â 10 6 cells) were also selected in only one of the two antibiotics (one plate equivalent per antibiotic). Media with antibiotics were changed daily until clones were ready to be picked (after $1 week in selection). The HGTC-8 C57Bl/6 ES line was maintained as previously described (19) .
Southern blot screening of ES clones
ES cells were expanded without feeders and lysed overnight at 378C in 10 mM Tris-HCl pH 8, 100 mM EDTA, 100 mM NaCl, 0.5% SDS with 250 mg/ml proteinase K, and then treated with RNase (400 mg/ml) for 1 h at 378C. Genomic DNA from ES clones was purified by phenol/chloroform/ isoamyl alcohol using Phase Lock Gel Heavy tubes (Eppendorf, Hamburg, Germany), precipitated with ethanol at room temperature and resuspended in 5 mM Tris pH 8.0. Southern blotting was performed according to standard protocols (21) .
PCR screening of ES clones
ES clones electroporated with BAC DNA were initially screened for the presence of both neo and bsd resistance markers by conventional PCR. The primers were designed to detect the targeted loci and the resistance marker. In cases where a third pair was observed, the third pair of signals was always observed on the same chromosome within a given clone (but on different chromosomes in the different clones). No evidence of aneuploidy was observed in these clones.
q-PCR for screening of targeted ES clones
Real-time q-PCR was used to screen targeted ES cells, by discriminating the difference between control WT ES (containing two copies of the targeted exon) and correctly targeted heterozygous ES clones (having one copy or the targeted exon). The q-PCR was performed using ABI 7500 (Applied Biosystems, Foster City, CA, USA) and Platinum SYBR Green q-PCR SuperMix (Invitrogen). DNA concentration of the ES clones was measured by UV spectrophotometer and adjusted to 2.5 ng/ml. The reaction was set up using 12. 0 . All primer sets had efficiencies of amplification between 83% and 105% relative to Itk, which are considered acceptable for comparative purposes (Applied Biosystems' Guide to Relative Quantification of Gene Expression, Manual 2) (amplification efficiencies: 95.7% for the Tec primers, 89.6% for the Rlk primers, 103.6% for the neo primers and 96.1% for the bsd primers). As reference for the number of copies integrated, we used control ES cell lines that contain one copy of either neo or bsd markers determined by Southern blot.
PCR reactions were performed in duplicate in 25 ml using 96-well plates (MicroAmp Fast optical Applied Biosystems), containing primers for the endogenous control (Itk) and for either of the deleted exons or resistance markers. Data were only deemed acceptable if SDs were <0.1. The following conditions were used: 508C for 2 min, 958C for 2 min, followed by 40 cycles of 948C for 15 s, 608C for 1 min. The CT and relative quantification (RQ) were calculated by using the ABI 7500 SDS 1.3.1 software [2 ÀÁÁCT method (23)]. For analysis, the PCR reactions were calibrated to WT ES cells (for deleted exons) setting two copies (WT) as the calibrator, having an RQ value of 1. For quantification of the selectable markers, values were compared to those of G418 or blasticidin-resistant ES cells containing one copy of the resistant marker (the RQ value of which was also set to 1).
RESULTS
Validation of q-PCR as a screen for gene targeting
To evaluate q-PCR for screening for homologous recombinants, we utilized a SYBR-green-based variation on a technique involving three primer sets (11) . The first primer set was designed to amplify a region that would be deleted by a correct gene-targeting event. Following correctly targeted homologous recombination, the template would only be present as a single copy in the genome. However, in the case of non-targeted clones, two copies of the template should be present from the two endogenous WT alleles. A second set of primers was designed to detect the selectable marker used in the targeting construct and was used to evaluate copy number of the inserts, by comparing to DNA from a clone containing one copy of the same selectable marker. Finally, a third set (or multiple sets) of control primers that amplify different reference autosomal loci was used to normalize DNA concentration. Correctly targeted clones that delete a portion of an autosomal gene would therefore show only one copy of the endogenous sequence and one copy of the selectable marker. Non-homologously integrated clones where the construct is randomly inserted would show two copies of the targeted region and one or more copies of the selectable marker. The rare case of a correctly targeted clone that also contained multiple inserts would show only one copy of the endogenous sequence, but multiple copies of the selectable marker. Clones where there was an aberrant duplication of the region to be deleted (24, 25) would also not be scored as positive.
To evaluate the ability of q-PCR to detect homologous recombinants, we examined DNA from ES cells that had been transfected with a gene-targeting construct designed to delete 1.2 kb including exons 5 and 6 of the gene encoding the Tec tyrosine kinase, which were replaced with a PGK-driven neo selectable marker ( Figure 1A ). DNA from these ES clones had been previously screened by Southern blotting with external and internal probes to determine which clones were correctly targeted and whether there were multiple inserts of the targeting vector ( Figure 1B and C) . For q-PCR, DNA samples were first quantitated and diluted so equivalent amounts of DNA were used. The copy number of the targeted exon was then evaluated by q-PCR using the ÁÁCT method (23) with a reference gene (Itk) as a control to normalize the amount and quality of ES genomic DNA. All primer sets had similar efficiencies of amplification as tested on control DNA and all samples had CT values within 0.5 for the reference gene. Wild-type (WT) ES DNA (with two endogenous copies of Tec) was used as a calibrator for the copy number of the targeted sequence (setting the RQ to a value of 1). The copy number of the selectable marker was also evaluated by comparing RQ values to that from DNA from a calibrator ES cell clone previously identified as containing one copy of the gene encoding neomycin resistance, neo, (the RQ of which was also arbitrarily set to a value of 1). Thus, correctly targeted clones would have RQ values close to 0.5 for the targeted sequence in Tec and 1 for neo ( Figure 1D) .
In all cases, q-PCR accurately detected the homologous recombinants originally found by Southern blotting, correctly identifying all 15/108 homologously targeted clones and no others, and confirming that a single copy insertion of the selectable marker occurred ( Figure 1D , see clones 1, 6, 9 and 16). Similar results were obtained with a second targeting construct disrupting a different gene, Rlk/Txk, where all three homologous recombinants were correctly identified out of 153 screened (Supplementary Figure S1 and data not shown). In contrast, a conventional PCR strategy designed to cross the region of homology in the Tec targeting construct (generating a 5 kb product for one arm and 6 kb for the other) only detected 50% of correctly targeted events in an initial screen, perhaps due to the long arm length. Thus, q-PCR showed a high degree of sensitivity and specificity for the detection of homologous recombinants.
Evaluation of q-PCR for the detection of homologous recombination of BAC-based constructs
Having confirmed that q-PCR was able to correctly identify homologous recombination at the Tec and Rlk genes, we then used q-PCR for detection of homologous recombination using full-length BAC vectors. Although both q-PCR (11) and FISH (12) have been reported to screen successfully for homologous recombinants generated from whole BAC-based constructs, these two techniques have not been systematically evaluated for sensitivity and specificity.
To evaluate screening of full-length BAC-based targeting constructs, we compared FISH versus q-PCR for screening of recombinants generated from a BAC-based construct designed to simultaneously introduce the mutations described above into the linked Tec and Rlk genes, which lie adjacent on mouse chromosome 5 ( Figure 2 ). Thus, we were able to use the same q-PCR design that we had previously validated. While the first exon of the Rlk gene lies only 3 kb downstream from the last exon of Tec, the sites of our mutations lie 75 kb apart (Figure 2A ). In our BAC-based construct, the Tec gene was disrupted by recombineering (26-29) introducing a PGK-driven neo selectable marker in the same location as the conventional construct described above. The Rlk gene was disrupted on the same BAC using a PGK-driven blasticidin resistance gene (bsd) as the marker for recombineering. Both mutations were in equivalent locations to those generated by our conventional constructs and were located $50 kb from the ends of the BAC. The BAC construct was linearized ( Figure 2B ) and transfected into ES cells, which were selected in either G418 or blasticidin, or in both antibiotics. Selection in both antibiotics gave $10-to 20-fold fewer clones than either single selection (Table 1 and data not shown). Similarly, only 4-8% of clones selected in either single antibiotic had integrated the other selectable marker as detected by PCR.
To screen for homologous recombination using this BAC-based targeting vector, we initially used the technique of Seed and colleagues (12) . In this technique, we first confirmed integration of the selectable marker and loss of the BAC vector ends using PCR, and then used FISH (using the entire BAC as a probe) to determine whether two or more (generally three) pairs of signals hybridizing to the BAC were present (Figure 2C and D) . Clones showing two pairs of signals (both on chromosome 5) were presumed to be targeted homologously with the integrated BAC replacing one of the endogenous alleles ( Figure 2C ). Clones showing more than two pairs of signals contained extra copies of the BAC that were not targeted to the endogenous gene ( Figure 2D ). The proper structures of the targeted alleles were also confirmed by Southern analyses. We first noted that according to our results with FISH, the use of BAC-based vectors appeared to increase targeting frequency compared to conventional targeting vectors (36% targeting frequency versus 14% for our conventional Tec construct). However, we also noted that in some clones the third pair of spots detected by FISH had reduced intensity compared to the two endogenous signals (Figure 2D ), suggesting that only a piece of the BAC had integrated into the genome.
To further examine these targeting events, we examined the Tec and Rlk loci by q-PCR, using the same strategy outlined above (with primers for Tec, neo, Rlk, bsd and a reference gene Itk). A representative example of two similar electroporations is shown (Tables 1 and 2,  Supplementary Tables S1 and S2 ). Re-examination of the BAC-transfected clones revealed that in multiple cases, clones that were scored as having two spots on FISH did not show disruption of the endogenous locus ( Table 2 , clones GB5 and 8). These results suggest there may have been breakage of the BACs, leading to random insertion of small pieces of DNA that included the selectable marker but were below the detection level of FISH. Moreover, some clones showed disruption of only one of these genes despite two selectable markers having been integrated ( Table 2 , clones GB2 and 7). For one clone, GB7, although an extra insertion was identified by FISH, q-PCR revealed that one of the genes (Tec) had actually been homologously targeted, arguing that multiple inserts of BAC DNA had occurred. Importantly, these results suggest that q-PCR identified that there were both false positives and false negatives in the original screening by FISH.
To confirm that these results were not specific to the Tec and Rlk genes, we examined another independently generated set of constructs that disrupted a distinct locus encoding TLT-1 on mouse chromosome 17 (A.V.W., J.G.R., P.L.S and D.W.M., submitted for publication). Again, a conventional targeting construct disrupting the TLT-1 gene with a PGK-driven neo resistance marker was compared to an equivalent whole BAC-based construct. Examination of the conventional targeting construct gave 17% targeting frequency, as confirmed by Southern blotting (data not shown). Initial screening of the BAC-based construct by PCR and FISH using the TLT-1 BAC as a probe suggested that 8 of 12 clones were correctly targeted (positive for neo, negative for the BAC ends and having two spots on FISH). Thus, the BAC-based construct again appeared to have high rates of homologous recombination. However, we also noted again that some of the clones had small third spots when screened by FISH; one clone also had an altered structure as determined by Southern analyses of the targeted region. Importantly, reexamination of these G418-resistant clones by q-PCR revealed that only half of these clones (four of eight) had actually disrupted the TLT-1 gene (Table 3) . One of these clones was used to generate chimeric mice that have transmitted the mutation through the germline to generate mice deficient in TLT-1, confirming that the mutation disrupted the TLT-1 gene (A.V.W., J.G.R., P.L.S and D.W.M., submitted for publication). Thus, q-PCR revealed that multiple clones initially thought to have undergone homologous recombination as detected by FISH, were actually false positives.
DISCUSSION
In this article, we compare q-PCR to other screening strategies for detection of gene targeting. Our data suggest that q-PCR using a three primer set assay is a sensitive and reproducible tool that can reduce the number of potential conventional gene-targeted clones that need to be screened by Southern analyses, thereby greatly facilitating screening of large numbers of clones. In our hands, we find this technique to be superior to PCR screening for a number of reasons. First, it is not limited by false negatives that can sometimes occur when trying to amplify long pieces of DNA from genomic DNA preparations. Thus, it does not require one arm of the construct to be a relatively short length, which can potentially decrease the frequency of homologous recombination (4). Second, false positives, which can result from annealing of long PCR products or low levels of plasmid contamination, should also not be a problem with this technique. Third, q-PCR can also detect multiple inserts based on the copy number of the selectable marker. Finally, q-PCR should eliminate the rare case of clones in which the deleted part ES cells were electroporated with BAC RPCI-23 65-18 modified by recombineering and selected in G418 (one plate), blasticidin (one plate) or G418 and blasticidin (10 plates). Clones were screened by FISH, PCR for the presence of the neo and bsd markers and q-PCR (examining the copy number of the targeted Tec and Rlk exons, as well as the neo and bsd resistance markers). DNA from WT ES cells (containing two copies of the deleted Tec and Rlk region) was used as a calibrator and from ES cells that were either targeted in the same position in Tec and Rlk locus by conventional constructs used as both calibrators and positive controls. Only three clones had disrupted Tec and one clone (indicated in red) had disrupted both genes, although four clones appeared to be positive when screened by FISH.
of the gene is aberrantly duplicated, as it occurs occasionally (24, 25) and can be missed on some Southern analyses screens. In such cases, q-PCR would not indicate a loss of copy number of the region to be deleted. Although q-PCR cannot replace the use of Southern analyses, which can detect additional altered recombination structures that can occur during gene targeting, we find that q-PCR provides a rapid screening alternative with superior results to conventional PCR prior to confirmation with Southern analyses. A recent report has reached similar conclusions using a related TaqMan-based q-PCR technique to detect insertions based on disruption of products annealing to the TaqMan probe (30) . Together our findings support the utility of using q-PCR to detect distinct types of gene-targeting events. We further find that q-PCR is superior to FISH for the detection of whole BAC-based constructs that cannot be screened by Southern analyses. A previous study suggested that FISH can be a useful tool for screening for homologous recombination using full-length BAC constructs (12) . However, in our hands, we have found that screening of BAC-based constructs by FISH can be prone to false positives. Indeed, although we initially thought we obtained clearly higher rates of homologous recombination using full-length BAC constructs when we screened by FISH alone (2.5-to 5-fold higher than our equivalent conventional constructs), re-evaluation with q-PCR demonstrated that the rates of gene targeting were similar to those obtained with conventional constructs (the same to 2-fold higher).
Presumably, false positives (indicated by two pairs of spots on FISH) can occur when small pieces of DNA are integrated that are below the limits of detection by fluorescent hybridization ($10 kb in our hands). Our observations that in multiple cases the third spot detected by FISH was reduced in intensity compared to the endogenous loci, supports the notion that only a portion of the BAC had integrated. We observed this complication both while using a BAC construct designed to disrupt only one gene, as well as when we attempted to disrupt two adjacent genes using a single BAC-targeting construct. Indeed, when we initially attempted to disrupt both Tec and Rlk using a BAC construct in which the Rlk gene only contained a deletion but no selectable marker, we failed to obtain any doubletargeted clones (from 86 clones screened, unpublished observations). We also note that we detected some altered structures by Southern analyses in clones from two of our BAC constructs, also suggesting that breakage of the construct occurred. These results are consistent with deletions that have been observed in BAC-based transgenesis using recombination-mediated cassette exchange (31) and can also be seen in gene conversion.
While breakage of the BAC may have occurred during preparation of the DNA, we observed these findings using three different constructs prepared in two different laboratories and pulse-field analyses did not reveal gross breakage of the linearized BACs prior to electroporation ( Figure 2B) . Alternatively, these observations may result from breakage of the BACs secondary to electroporation.
[We note that we performed electroporation under our standard conditions, which differ from those of Seed and Stewart and their colleagues (10, 12) . We also note that stability of BAC DNA can be improved with buffers containing spermine and spermidine, which we did not try in these studies (32) ]. Nonetheless, our results argue that q-PCR is a superior technique for detection of recombination of BAC-based vectors in part, because it is not subject to false positives that can result when small pieces of BAC constructs integrate. Conversely, the fact that in one clone q-PCR revealed that one of the genes (Tec) had actually been homologously targeted despite an extra insertion identified by FISH, argues that q-PCR can also reveal false-negative results from FISH. Our findings also raise the concern that it may be difficult to monitor breakage Our results are also of interest for the generation of multiple mutations using a single whole BAC-based construct, which can be desirable when trying to minimize handling of ES cells prior to injection into blastocysts, and for the introductions of two mutations on the same sister chromatid. Stewart and colleagues (10) have previously reported the use of whole BAC-based constructs for the generation of gene-targeted alleles at two adjacent loci using modified BACs. In their work, the genes were disrupted close to the ends of the BAC (within 5 kb) so that recombination could be detected by Southern hybridization. However, this group also observed that one of the four clones expressing both selectable markers only disrupted one gene. While this was seen at a lower frequency than in our experiments, it is possible that our constructs, which did not limit the length of one arm for detection by Southern analyses, may have required breakage to obtain efficient integration of the selectable marker. Nonetheless, these findings also support the idea that BAC-based constructs may still only recombine over short distances. Given our observations, it is not clear that disruption of both genes occurred via integration of one piece of DNA via a single double cross-over event. Our results therefore raise the possibility that double knockouts might be equivalently generated from simultaneous transfection of two conventional targeting constructs.
Together, these data suggest that q-PCR is a useful tool for the detection of both conventional and BAC-based gene-targeting constructs. Our data suggest that q-PCR can greatly reduce the numbers of clones from conventional constructs requiring further screening by Southern analyses. Moreover, our data strongly argue that q-PCR provides a more accurate assessment of gene targeting using full BAC constructs than using FISH alone, but also raise concerns about the use of whole BAC-based constructs where it may be difficult to monitor partial integration products.
